Catchments dominated by meltwater runoff are sensitive to climate change as changes in precipitation and temperature inevitably affect the characteristics of glaciermelt/snowmelt, hydrologic circle and water resources. This study simulated the impact of climate change on the runoff generation and streamflow of Chu River Basin (CRB), a glacierized basin in Central Asia using the enhanced Soil and Water Assessment Tool (SWAT). The model was calibrated and validated using the measured monthly streamflow data from three discharge gauge stations in CRB for the period 1961-1985 and was subsequently driven by downscaled future climate projections of five Global Circulation Models (GCMs) in Coupled Model Inter-comparison Project Phase 5 (CMIP5) under three radiative forcing scenarios (RCP2.6, RCP4.5 and RCP8.5). In this study, the period 1966-1995 was used as the baseline period, while 2016-2045 and 2066-2095 as the near-future and far-future period, respectively. As projected, the climate would become warmer and drier under all scenarios in the future, and the future climate would be characterized by larger seasonal and annual variations under higher RCP. A general decreasing trend was identified in the average annual runoff in glacier (-26.6% to -1.0%), snow (-21.4% to +1.1%) and streamflow (-27.7% to -6.6%) for most of the future scenario periods. The projected maximum streamflow in each of the two future scenarios occurred one month earlier than that in the baseline period because of the reduced streamflow in summer months. Results of this study are expected to arouse the serious concern about water resource availability in the headwater region of CRB under the continuously warming climate. Changes in simulated hydrologic outputs underscored the significance of lowering the uncertainties in temperature and precipitation projection. Most rivers originating from mountain regions are often referred to as "water towers" (Immerzeel et al., 2012). This is especially true for Central Asia where most rivers originate from the Tianshan Mountains (Sorg et al., 2012) . In Central Asia, large amounts of water exist as snow/glacier in headwater regions of river basins and melt waters variably contribute to streamflow in the catchments. As snow/glacier is sensitive to climate change, its effect on streamflow under warming climatic conditions has raised significant interest in both the scientific community and decision-making bodies (Li et al., 2013) .
Most rivers originating from mountain regions are often referred to as "water towers" (Immerzeel et al., 2012) . This is especially true for Central Asia where most rivers originate from the Tianshan Mountains (Sorg et al., 2012) . In Central Asia, large amounts of water exist as snow/glacier in headwater regions of river basins and melt waters variably contribute to streamflow in the catchments. As snow/glacier is sensitive to climate change, its effect on streamflow under warming climatic conditions has raised significant interest in both the scientific community and decision-making bodies (Li et al., 2013) .
Observed changes in glacier/snow have been generally attributed to rising temperatures in recent decades. Cruz et al. (2007) reported a global temperature rise of 1-2°C in the last century. Studies also noted a temperature rise of 0.39°C/10a in Central Asia in 1979 Asia in -2011 but with significant local heterogeneity (Unger-Shayesteh et al., 2013; Hu et al., 2014) . By analyzing changes in glacier area in Ala-Archa and Ak-Shirak massifs in the northern and central Tianshan Mountains, Aizen et al. (2007) noted that reduction in glacier cover in the peripheral of northern Tianshan Mountains was about 3% higher than that in the central Tianshan Mountains due to temperature differences. Also due to increasing summer temperatures and glacier recession in the region has accelerated since the 1970s.
A comprehensive review by Unger-Shayesteh et al. (2013) displayed regionally heterogeneous changes in glacier cover in the central Tianshan Mountains. The stronger losses of glacier cover in the northern and eastern margins of Tianshan Mountains were largely explained by differences in the patterns of climate change and the characteristics of glaciation in the sub-regions. Decreases were also noted in snow pack thicknesses and snow cover durations in the mountain region, attributed to the reduced solid precipitation and enhanced snowmelt driven by climate warming (Aizen et al., 1997; Sorg et al., 2012) .
Climate change has also resulted in changes in flows of glacier/snow-fed rivers originating from the Tianshan Mountains. Analysis of climatic and hydrological data from 110 stations in the Tianshan Mountains suggested decreasing annual runoff in the second half of the 20 th century (Aizen et al., 1997) . However, Tao et al. (2011) and Sorg et al. (2012) noted increasing runoff in several catchments in the inner ranges and stable runoff in the outer ranges of the mountains in recent decades. There is an increasing trend in the application of hydrological models driven by observed glacier, snow, streamflow and climatic data in analyzing the impacts of climate change on hydrological processes in glacier/snow-dominated catchments (Huang et al., 2010; Vaghefi et al., 2014) . Significant research effort has been directed into analyzing the characteristics of rivers originating from the Tianshan Mountains in Central Asia (e.g. Hagg et al., 2006 Hagg et al., , 2007 Siegfried et al., 2011; Malsy et al., 2012) . Most of this effort has focused mainly on large river basins (e.g. Amu Darya and Syr Darya basins) in the region (Siegfried et al., 2011; Immerzeel et al., 2012; Lutz et al., 2013) , but little has been done about Chu River Basin (CRB). Although relatively small, CRB is a critical source of water use for Kyrgyzstan. Hydrological studies in this basin have far too often been driven by lumped glacier model (e.g. Hydrologiska Byråns Vattenavdelning (HBV) or its variant) simulations. Physically-based distributed hydrological model simulations could enhance a deeper understanding of the impacts of climate change on glacier/snow hydrological processes in the CRB.
The main objective of this study was to analyze the impacts of climate change on hydrological processes in the headwater region of CRB using a physically-based distributed hydrological model under projected climate change scenarios from Global Circulation Models (GCMs) in Coupled Model Inter-comparison Project Phase 5 (CMIP5).
Materials and methods

Study area
Chu River is the main river of CRB (73°24'-77°04'E, 41°45'-43°11'N) and is one of the longest rivers in Kyrgyzstan. Chu River starts from the middle ranges of Tianshan Mountains and runs all the way to Moyynqunm Desert where it disappears in abundant sands. The study area (75°50'E, 42°43'N; 1,249-4,617 m asl) is in the headwater region of CRB that is in the upstream of the catchment outlet and has a drainage area of 9,548 km 2 (about 15.3% of the total area of CRB; Fig.   1 ). The area has a cool continental climate. The average temperatures in the coldest month of January and the hottest month of July are -16°C and 13°C, respectively. Precipitation in the basin is unevenly distributed in time and space, with a long-term average annual amount of 425 mm and 70% of it falling in April to August. There are three main tributaries in the upstream region of Chu River (Table 1) . Precipitation in the catchments of these tributaries was derived from gridded APHRODITE datasets for 1951-2007. Significant differences were noted in annual precipitation and glacier cover among the catchments of the three tributaries. The heterogeneous climatic and glacial conditions suggest the degree of complexity of hydrologic response to climate change in the study area.
Hydrological model
The Soil and Water Assessment Tool (SWAT) model is a temporally continuous and physically-based semi-distributed hydrological model that is widely used in catchments under different climatic and management conditions (Gassman et al., 2007 (Gassman et al., , 2014 . To account for basin-scale heterogeneities, SWAT subdivides a basin into multiple sub-basins based on topography and hydrological response unit (HRU). HRU integrates unique soil, land use and slope into an entity of uniform hydrological processes. Runoff in each HRU can be routed through the tributaries or channel to the main outlet of the basin. The detailed description of SWAT was documented by Neitsch et al. (2005) . SWAT does not simulate glacier processes, which are crucial for glacier-dominated catchments. To account for basin-scale glacier hydrology, Luo et al. (2013) developed and incorporated a glacier hydrology module into SWAT2005 code. The glacier module can simulate glacier mass balance and dynamics for individual glaciers. While the module uses a volume-area scaling method for glacier area change estimation, elevation bands are adopted for glacier mass balance. Each glacier in a given elevation band is treated as a complete HRU. The calculations for the 504 JOURNAL OF ARID LAND 2015 Vol. 7 No. 4 individual glaciers are then scaled up to the entire simulation domain (Chen and Ohmura, 1990) . The glacier-module SWAT tested on the Manas River Basin (which is on the northern slope of East Tianshan Mountains) proved to be robust in simulating distributed glacier hydrology at a catchment scale. To distinguish the enhanced SWAT from the original model, we hereafter term our enhanced one as SWAT-RSG (RSG: rain, snow and glacier).
The runoff simulation by SWAT-RSG model was calibrated and validated by comparing simulated streamflow with observed values at hydrological gauge stations in the study area. The simulated daily discharge were scaled up to outlet values and compared with monthly mean discharge measured at Mouth, Mouth Irisu and Sarybulak gauge stations (Fig. 1) . The calibration and validation analyses of the model were evaluated using coefficient of determination (R 2 ), Nash-Sutcliffe efficiency (NSE) and percent bias index (PBIAS), which can be calculated as follows. 
Where NSE is the Nash-Sutcliffe efficiency. NSE measures the level of consistency of measured values with predicted values and is generally ranged from -∞ to 1 with NSE=1 as the optimal value (Nash and Sutcliffe, 1970) .
Where PBIAS is the percent bias between observed and simulated values. PBIAS measures the relative error in percentage between simulated and measured values (Moriasi et al., 2007) . The positive value denotes underestimation; negative value indicates overestimation and zero means optimal estimation.
Model setup
Sub-basin and HRU delineation
The 90-m-resolution Digital Elevation Model (DEM) data from Shuttle Radar Topography Mission were used to delineate the catchment and HRU as well as derivations of stream slope and channel width. Also 300-m-resolution land use data were derived from the latest version of satellite maps of the European Space Agency (http://due.esrin.esa.int/globcover) and reclassified based on the land cover classification system of Anderson et al. (1976) . The land use type in the study area was grouped into twelve classes, i.e. bare land (44%), range-grass (21%), post-flood cropland (10%), generic agricultural land (7%), pasture (13%), mixed forest (3%) and others (2%). The type of "others" includes evergreen forest, glacier, open water, settlement, mixed wetland and range bush. Glacier data were derived from the Tianshan Glacier Dataset v.1 (http://www.asiacryoweb.org/wiki/bin/view/Home.We bHome). The Tianshan Glacier Dataset v.1 includes two glacier inventories: one for the 1970s and the other for the 2000s. The inventory for the 1970s was built from declassified KH-9 satellite images, while the inventory for the 2000s was constructed from ETM+, ASTER and SRTM satellite data. The dataset was updated with point data for glaciers in the World Glacier Inventory (WGI). The updates included point data for glacier in the headwater region of CRB not available in the Tianshan Glacier Dataset v.1. A total of 315 glaciers were identified in the catchment, with a total area of 220 km 2 . The compiled glacier extent was used to initialize the simulation at a starting point of 1961.
The soil types were determined using version 1.2 of Harmonized World Soil Database (HWSD) at spatial resolution of 1,000 m. Leptosol accounts for 46.1% of the soils in the study area, followed by kastanozem (28.3%), calcisol (17.2%), outcropped rock (5.7%), chernozem (2.5%) and open water (0.2%). The soil column was divided into two layers in this study, i.e. the upper layer (0-30 cm) and the deeper layer (30-100 cm). The parameters of both soil layers were calculated from HWSD soil texture and organic matter as proposed by Saxton and Rawls (2006) .
Additional digital data were resampled from DEM, land use and soil type at a uniform spatial resolution.
Then the study area was delineated into 67 sub-basins and 610 HURs by using ARCSWAT and on the basis of land use, soil type and slope.
Meteorological data
Meteorological data were compiled from public databases (Sherrield et al., 2006; Yatagai et al., 2012) . Precipitation data were obtained from Asian Precipitation Highly-Resolved Observational Data Integration Towards Evaluation of Water Resources (APHRODITE) and temperature (maximum and minimum) data were derived from Princeton's Global Meteorological Forcing Dataset (PGMFD). APHRODITE dataset is a long-term (starting from 1951 to date) continental-scale gridded daily product interpolated from daily gauge-measured precipitation in Asia with a spatial resolution of 0.25°. PGMFD was constructed by reanalysis of combined data from National Centers for Environmental Prediction and National Center for Atmospheric Research (NCEP-NCAR) with a suite of global observation-based datasets and spatial resolution of 0.5°. Daily air temperature data were bilinearly interpolated at 0.25° resolution from the grid cell centers in the 0.5° PGMFD gridded temperature dataset. In this study, altitudinal lapse rates of precipitation and temperature were derived from these gridded meteorological datasets.
Discharge data
River discharge was mainly used for model parameterization. Monthly discharge data (m 3 /s) at Mouth (Chon-Kemin River), Mouth Irisu (Karakol River) and Sarybulak (Karkudzhur River) for 1961-1985 were collected from http://webworld.unesco.org/water/ihp/ db/shiklomanov/part'4/former%20ussr/index4.html. As stated earlier, agricultural and post-flood crops could be irrigated by water withdrawal from streams. In Chon-Kemin, Karakol and Karakudzhur sub-catchments, the crop covers are 2.6%, 0.8% and 2.9%, respectively.
The annual precipitation in these sub-catchments was 334-592 mm during 1966-1995. This suggested minimal irrigation intake from the streams, which was considered negligible in the calibration and validation analyses.
Climate change scenarios
There is a total of 39 Global Circulation Models in Coupled Model Inter-comparison Project Phase 5 (CMIP5). Wu et al. (2014) evaluated the performances of these models in terms of projected temperature and precipitation in arid Northwest China by comparing the projected values with ground observations. As no similar work available for the study area, this study used the listed top 5 models in Table 2 to drive the SWAT-RSG to project impacts of future climate change on hydrological processes in the CRB. Temperature and precipitation outputs of the models for RCP2.6 (radiative forcing peaks at approximately 3 W/m 2 before 2100 and then declines), RCP4.5 (stabilizes radiative forcing at 4.5 W/m 2 in the year 2100 without ever exceeding that value) and RCP8.5 (rising radiative forcing pathway leading to 8.5 W/m 2 by 2100) scenarios were downscaled to 0.25° spatially and to daily values temporally using the delta change factor method (Anadhi et al., 2011; Chen et al., 2011) . The downscaling included three steps (Anadhi et al., 2011): (1) estimation of mean values of each GCMsimulated baseline and future climate; (2) calculation of additive change factors for temperature and multiplicative change factors for precipitation; and (3) application of the change factors (temperature and precipitation) to local values to get future local-scale values. The downscaled temperature and precipitation data for each scenario and model were used to drive the parameterized SWAT-RSG simulations for the period spanning from 1951 through 2100. Ensemble 1966-1995, 2016-2045 and 2066-2095 were compared to determine the decadal changes under each climate scenario. Then the climate and hydrological outputs of each GCM model and scenario represented uncertainties in the climate projections and model results (Arnell et al., 2004; IPCC 2007; Meehl et al., 2007) .
Results and discussions
Model calibration and validation
The Table 3 and Table 4 . For the three discharge gauge stations, NSE values for the calibration and validation analyses were higher than 0.75 and therefore rated as very good (e.g. Morasi et al., 2007) . PBIAS values for the calibration and validation periods were lower than 20% and therefore rated as good (e.g. Moriasi et al., 2007; Rossi et al., 2008; Mengistu et al., 2012) . Regression analysis also suggests that the simulated monthly discharge generally agreed well with the observed values (Fig. 2) . It should be noted that discharge was underestimated for high gauge values as depicted in Fig. 3 , largely attributed to the interpolation weakness.
Lapse rates of both temperature and precipitation were used to derive the temperature and precipitation at different altitude bands. It was generally assumed precipitation at the base station continued to increase along altitudinal profile. Thus the altitudinal temperature and precipitation profiles were estimated from base station values and lapse rate. The lapse rate approach could underestimate or even entirely miss large temperature and precipitation events at high elevation bands, resulting in less glacier/snowmelt or rainfall-generated runoff. However, as the SWAT-RSG model in most cases successfully captured peak flows LAND 2015 Vol. 7 No. 4 in the region, suggesting that any under-/over-estimation could have been limited.
Climate change in headwater catchment of CRB
Changes in temperature and precipitation in the future periods of 2016-2045 and 2066-2095 relative to the baseline period 1966-1995 are given in Table 5 forcing pathway of RCP2.6 scenario, while they are projected to increase for the medium and strong radiative forcing pathways of RCP4.5 and RCP8.5 scenarios in the future. For temperature, the changes are obviously noted for different radiative forcing pathways under different future periods. For the near-future period of 2016-2045, the differences in the pattern of temperature increase are not significant among the different scenarios, while they are obviously noted for the far-future period of 2066-2095. The stronger the radiative forcing pathway is, the larger the changes in precipitation and temperature are.
Seasonality and decadal trends of projected runoff
Seasonal runoff
In the middle or the end of the 21 st century, there will be obvious changes in the seasonal meltwater runoff from glaciers and snowcover as well as the streamflow (Fig. 6 ). There are two snowmelt seasons in the headwater catchment of CRB (Figs. 6a-c) . The first season starts in late January to early February and ends in late July to early August. Snowmelt in the first season increases first until early to mid-April and then decreases. The second season follows the first season. Snowmelt in the second season increases first and then decreases with the maximum value occurring in early October. Seasonal distribution patterns of snowmelt will change under climate change in the future.
Compared to the baseline period, snowmelt runoff is projected to increase between early January to mid-April and early October to late December, and decrease between mid-April and late September for all climate change scenarios in the future period. The projected changes in snowmelt runoff are attributed to Annual (Jan-Dec) -0.9 -5.3 -14.5 1.9 3.2 5.5 the increased precipitation in spring and winter and decreased precipitation in summer and autumn, but also the increased temperature in the future. Then the stronger the radiative forcing scenario is, the more significant the changes in snowmelt intensity are. Furthermore, it was interesting to note that the timing and amount of maximum snowmelt slightly changed under all the climate change scenarios for the periods 2016-2045 and 2066-2095 . This is attributed to the combined effects of changes in precipitation and temperature during these periods. Glacial runoff is defined as the sum of runoff over the glacier. Glacial runoff in the headwater catchment of CRB is expected to decrease in the future. This is the result of the accelerated retreat of glaciers in the studied area of CRB under warming climate scenarios. Areal shrinkage of glaciers may play the key role in glacial runoff reductions although ablation increases due to warming. Furthermore, decreases in precipitation in summer and autumn are expected to exceed increases in precipitation in spring and winter, implying reduced glacier mass accumulation in the region. An increase in glacial runoff will occur only in the very early melt seasons due to higher winter snow accumulation (Figs. 6d-f) . Thereafter, the glacial runoff in the future is projected to be less than that in the baseline period. Monthly maximum of future glacial runoff under all the scenarios will drop sharply compared with the baseline period. Also the timing of the peak values will happen earlier in the future under RCP8.5 scenario than before. The results suggest glacier meltwater contribution to streamflow will increase in the early spring in the future, however, other seasons will see decreased contribution significantly.
Seasonal distribution of streamflow will change significantly due to climate change (Figs. 6g-i scenarios, mainly driven by the increases in precipitation and earlier snow and glacier melts during this period. Irrespectively, the distribution of the monthly streamflow will become flattened with lower peak values and much less discharge in summer and autumn. This is attributed to the significant decreases in precipitation and in meltwater contribution to streamflow during these seasons.
It was also noted that tremendous decrease in river runoff will happen under the strong radiative forcing scenarios. The similar trends have also been identified in other river basins in Central Asia (Hagg et al., 2007; Olsson et al., 2010) . The timing of the maximum streamflow will occur approximately one month earlier in the future than in the baseline period (Figs.  6g-i) . The early shift in the timing of the maximum streamflow is consistent with other findings in the headwater catchments of Syr-Darya and Issyk-Kul (Mamatkanov et al., 2006; Siegfried et al., 2011) . This early shift is mainly attributed to the declining summer runoff, as also noted in the headwater catchment of Issyk-Kul which is near the headwater catchment of CRB (Mamatkanov et al., 2006) .
Decadal trends in runoff components
Compared with values in the baseline period , the decreases in annual snowmelt, glaciermelt and streamflow for all the three climate change scenarios are noted in the future (Table 6 ). Although precipitation increases in winter and spring to some extent, snowmelt runoff will drop for all the scenarios, and the only exception is the minor increase in 2066-2095 under RCP2.6 scenario. The reduction in annual snowmelt under increasing precipitation in winter and spring is caused by the decreased annual total snowfall although temperature will increase (Tao et al., 2011; Sorg et al., 2012; Unger-Shayesteh et al., 2013) .
Annual glaciermelt is expected to decrease in the future for all the climate change scenarios with slightly larger decrease under stronger radiative forcing scenarios. Glacial runoff reduction is mainly a response to shrinking glaciers under warming climate. Obvious reduction of glacial runoff will occur in 2066-2095 under RCP2.6 condition. Future streamflow will also tend to decrease significantly. Under RCP2.6 scenario, annual streamflow will steadily decrease with the lowest flow between 2016 and 2045 before rebounding far in the future. Under RCP4.5 and RCP8.5 scenarios, similar decrease will happen in annual streamflow. A distant future reduction as high as 27.7% is expected under RCP8.5 scenario. This is attributed to significant decrease in precipitation and glacial runoff along with increased evapotranspiration due to high temperatures.
Significant uncertainty in the GCM-projected temperature and precipitation may be the main source of uncertainties in the simulated hydrological processes (Table 6 ). To assess this uncertainty, we calculated mean values of the projected precipitation and hydrological processes for 2016-2045 and 2066-2095 under each GCM scenario used in this study. The maximum, minimum and mean values are given in Table 6 . The uncertainty level is alarming as the changes in the GCM-projected precipitation and hydrological processes had opposite signs with the baseline values. The significant uncertainty underscored the need for using multiple GCM outputs to drive model simulations of future conditions. It also underscored the need for using ensemble means of the models in analyzing changing trends in future scenarios. This could also include the selection of proper GCM conditions for projecting future climate change. This is fundamentally critical in investigating the impacts of climate change on catchment hydrology.
Conclusions
The glacier-hydrology enhanced SWAT-RSG model simulated future hydrological processes driving by GCM outputs under different climate change scenarios. Based on the outputs of the selected five GCM models, precipitation will decrease while temperature will increase through the end of this century in the headwater catchment of CRB, Tianshan Mountains.
The catchment hydrological processes will experience significant changes under predicted changes in temperature and precipitation. Our results highlight the decrease in annual snow and glacial runoff together with streamflow during 2016-2045 and 2066-2095 . Compared with the baseline condition of 1966-1995, the changes in snowmelt, glaciermelt and streamflow in the future range from -21.4% to +1.1%, -26.6% to -1.0% and -27.7% to -6.6%, respectively. Furthermore, the timing of the projected maximum streamflow in the far-future period is approximately one month earlier than that in the baseline period. This is mainly due to the declined precipitation in the study area during summer seasons.
The above conclusions were drawn from the means of the ensembles of the five selected GCM outputs. Uncertainties in temperature and precipitation projection were induced by different GCM outputs and thus the simulated hydrological outputs were significant. Thus cautions were advised on the proper selection of GCM outputs for use in projecting future climate conditions. This was fundamentally critical for investigating the impacts of climate change on catchment hydrology.
